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A hybrid atomic force microscopy (AFM)-optical fluorescence microscopy is a powerful tool for
investigating cellular morphologies and events. However, the slow data acquisition rates of the conventional
AFMunit of the hybrid system limit the visualization of structural changes during cellular events. Therefore,
high-speed AFM units equipped with an optical/fluorescence detection device have been a long-standing
wish. Here we describe the implementation of high-speed AFM coupled with an optical fluorescence
microscope. This was accomplished by developing a tip-scanning system, instead of a sample-scanning
system, which operates on an inverted optical microscope. This novel device enabled the acquisition of
high-speed AFM images of morphological changes in individual cells. Using this instrument, we conducted
structural studies of livingHeLa and 3T3 fibroblast cell surfaces. The improved time resolution allowed us to
image dynamic cellular events.
S
ince its invention in 1986 by Binnig1 and introduction to the field of biological sciences in 1988 byHansma2,
atomic force microscopy (AFM) has evolved into several multi-functional tools for biological research, and
has become indispensable in the post-genomic era. The operational range of AFM imaging is well suited for
characterizing structures at themolecular and cellular levels. The sensitivity of the interaction forcemeasurement
between biomolecules provides a piconewton level of detection. Furthermore, the ability to function in aqueous
environments has made AFM ideal for investigating biological samples such as proteins, nucleic acids, and even
living cells, under physiological conditions3–6.
The combination of optical and atomic force microscopy has also accelerated the detailed characterization of
cellular structures and processes7,8. High-resolution AFM images have been acquired during simultaneous
monitoring of either a fluorescent image of labeled cellular components or a high-contrast optical image. By
applying these complementary techniques, correlations between the structure and function of living organisms
can be obtained9,10. Although the combined system has the potential to resolve structures that fluoresce, the slow
data acquisition rates of a conventional AFM system (several seconds tominutes per frame) limit the visualization
of the structural changes of biological macromolecules.
Ando’s successful development of high-speed AFM was a breakthrough in efforts to increase the data acquisi-
tion rate, achieving a rate of.10 frames per second (fps) for a scan area of 2403 240 nm2with 1003 100 pixels11.
Various applications of this device have quickly appeared in the last decade12,13. Conformational changes and
dynamics of proteins14–22, reaction processes of DNA targeting enzymes23–28, nucleosome dynamics29,30 and local
conformational changes of DNA strands31,32 have been addressed by the new high-speed AFM. It is noteworthy
that presently, both the ‘sub-second time frame’ and ‘nanometer scale’ single molecule observations of functional
biological macromolecules cannot be achieved by other techniques.
Currently available high-speed AFM units are based on a sample-scan system, in which the sample is mounted
on a piezo scanner that can move the sample in the z-direction for maintaining a constant force and the x-y
directions for scanning the sample. One drawback of the high-speed AFM system is its small sample stage (W,
2 mm 3 3 mm at most), which is a prerequisite for a high resonant frequency of the scanner. This limits the size
of the sample that can be mounted on the stage. For example, a microscope slide or a cover slip on which cells are
cultured cannot be placed on such a small stage. To further develop the technique, we have built a novel tip-scan
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help of the optical microscope, the AFM cantilever can be positioned
on a specific area of cell surfaces. In this article, we describe the basic
configuration of this newly constructed device and its application to
the imaging of cellular events.
Results
Biologically applicable high-speed AFM requires the following:
i. Small cantilevers (10 mm long, 2 mm wide and,0.2 mm thick)
with fc . 300 kHz in water, k, 0.2 N/m, and Q, 2 in water.
ii. XYZ scanner unit whose resonant frequencies are higher than
10 kHz for the x direction (fast-scanning direction) and
100 kHz for the z direction.
iii. Optical beam deflection (OBD) sensor that is capable of detect-
ing the movement of the laser beam reflected back from the
cantilever surface, with a spot size of 2–4 mm in diameter.
The sample-scan type high-speed AFM is now well established by
Ando’s group and commercially available. However, the develop-
ment of a tip-scan type of high-speed AFM has been difficult. In
tip-scan AFM, the scanning motion of the cantilever has to be
directly regulated by the scanner and, simultaneously, the laser beam
has to remain focused on the back of the cantilever during the x-y
scanning motion of the tip. Thus, development of a high-speed tip-
scan system requires direct linkage of the OBD sensor and scanner,
which satisfies the above criteria ii and iii. Development and current
performance of key devices are described below.
Cantilevers and probes. The resonant frequency fc and the spring













where E, r, l, w, and t are the Young’s modulus, density, length,
width, and thickness of the cantilever, respectively. For quick scan-
ning, a high fc, normally higher than 1 MHz, is required. To achieve
this, a large t and a small l are preferred. On the other hand, to
minimize damage to a sample during imaging, a cantilever with
softer mechanical properties, or a small k, preferably less than
0.2 N/m, is required. As seen in equations (1) and (2), those
requirements have a trade-off relationship. To practically fulfill
both requirements, we employed a small silicon nitride (Si3N4)
cantilever having dimensions of 9 3 2 3 0.1 (l 3 w 3 t) mm3 (BL-
AC10DS, Olympus, Tokyo, Japan). The cantilever had a spring
constant (k) of 0.1 N/m with a resonant frequency (fc) of 1.5 MHz
in air and 300–600 kHz in water, and a quality factorQ, 2 in water.
The cantilever had a bird beak-like tip at its free end, and carbon
nanofiber can be grown thereon as an option (BL-AC10FS, Olympus,
Tokyo, Japan)33–35. Although the lifetime of a tip depends strongly on
the sample to be imaged, from our experience, approximately 100–
200 continuous images of a cell membrane can be obtained at a
scanning rate of 0.1–0.2 fps with the same tip.
High-speed scanner. The scanner we developed for high-speed tip-
scan AFM comprises multi-layered piezoelectric bodies. The XYZ-
scanner assembly is shown in Fig. 1. The Y-scanner is actuated by a
single piezo, while the X-scanner consists of two piezos and actuated
by their push-pull motion (the reason for this is described below)
(Fig. 1a). These two X-piezos and the Y-piezo are connected to a
movable table through flexures. The flexures are flexible enough to be
displaced but rigid in the directions perpendicular to the displace-
ment axis.
The Z-scanner (Fig. 1b) mounted on the movable table comprises
two Z-piezo actuators placed in opposition to one another. A can-
tilever holder is attached to one of the Z-piezos while the other end
has a dummy holder for balance. The cantilever is held with a tilt
angle of 12 degrees from the x-y plane. The cantilever is elongated in
the direction parallel to the y-axis (slow-scan axis). The objective lens
for the OBD sensor is mounted on the movable table to focus the
laser beam onto the back of the cantilever. A lightweight single con-
vex lens with W 5 4.5 mm was used to avoid lowering the resonant
frequency too much. We achieved an OBD detection sensitivity of
200 mV/nm using the above-mentioned small cantilever. The de-
flection noise density at approximately the resonant frequency was
less than 210 fm/(Hz)1/2 in water with a laser power of 0.8 mW
(Supplementary Fig. S1 online).
The constructed XYZ-scanner has an asymmetric configuration
about the x-axis while the objective lens and Z-scanner are placed
along the y-axis. The quick displacement of the movable table along
the x-axis therefore causes mechanical vibrations. Tominimize these
vibrations, a push-pull motion system was applied to the x-axis
because the system can decrease the stress on the movable table.
On the other hand, the movable table has a symmetric configuration
Figure 1 | Assembly of the XYZ-scanner. (a) The top view when viewed at the scanner from 1z to 2z. (b) The side view when viewed from 1x to 2x.
www.nature.com/scientificreports
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about the y-axis. Furthermore, in our system, the scanning rate along
the y-axis (slow-scan axis) is approximately 100–200 times slower
than that along the x-axis (fast-scan axis). Thus, we assumed that the
y-component of the stress loaded on the movable table is negligible.
For this reason, as for the Y-scanner, we omitted the push-pull sys-
tem and prioritized the minimization and simplification of the head
unit by employing a single piezo system. The signals fed into the X-
and Y-scanners are shown in Supplementary Fig. S2 online. The
maximum scan size of the XYZ-scanner is 4.48 3 3.36 3 0.60 (X
3 Y 3 Z) mm3. The resonant frequencies of the X-, Y- and Z-scan-
ners are 15 kHz, 15 kHz, and 150 kHz, respectively. Although this
scanner achieved a scan rate of up to 10 fps under fluid, we set a scan
rate of 0.1–0.2 fps in this report to obtain acceptable images for
relatively large areas of cell surfaces.
Deflection detection system. Our high-speed tip-scan AFM unit
contains an OBD sensor (Fig. 2a). On the small cantilever, a
640 nm laser beam is focused passing through a collimator lens,
polarized beam splitter, quarter-wave plate, condenser lens, and
transparent glass. The light is reflected back through the opposite
pathway and reflected onto the split photodiode. We used an
objective lens with N.A. 0.4 to make the spot size 2–4 mm in
diameter.
The laser focusing position relative to the cantilever is monitored
by the optical microscope and aligned by moving the position of the
laser diode against the collimator lens (Supplementary Fig. S3 online)
so that the intensity of light reflected back from the cantilever is
maximized.
Feedback loop. The tip-sample interactions are detected in ampli-
tude modulation mode (AM-mode) and regulated by a conventional
proportional-integral derivative (PID) controller (Fig. 2b). The de-
flection signal is sent to a RMS-DC (Root Mean Squared value-a
Direct Current) and converted to an amplitude signal. The de-
tected cantilever oscillation amplitude is compared with a set point
amplitude. The difference between them (error signal) is input to the
PID controller, whose output is then fed to a Z-piezo driver. The Z-
scanner is finally moved in the z-direction by the output of the Z-
piezo driver to make the error signal zero.
Optical imaging system. The AFM unit is designed to be set up on
the sample stage of an inverted opticalmicroscope (OLYMPUS IX71,
Olympus, Tokyo, Japan) as shown in Fig. 2. The AFM unit can be
operated without affecting the optical imaging of the target sample. A
white LED oriented with a tilt angle of 12 degrees from the x-y plane
was mounted on the bottom surface of the AFM unit for viewing the
cantilever (Fig. 2a and 2e). The location of the cantilever can be
observed with this LED illumination, which also helps us to
position the cantilever onto a target sample. Fluorescent imaging
can be achieved by properly filtering the excitation light. HeLa
cells stably expressing GFP-fused protein were monitored using
this system. The location of the cantilever can be determined more
easily and precisely by combining the white LED and filtered
excitation light (Fig. 3).
Cantilever engagement. Approach and release of the cantilever are
performed by actuating the approach motor (Fig. 2a). Before starting
the approach, the scanner unit is released at a sufficient distance from
the sample stage to avoid any impact. Usually, the scanner unit is
released until the cantilever reaches 100–200 mm above the sample
surface. The focus of the optical microscope is first set at approxi-
mately 10 mm above the sample surface. Then, a coarse approach is
performed at an approach velocity of up to 3000 nm/s while carefully
watching the relative position of the cantilever and the sample
surface on the optical microscope display. Once the shape of the
cantilever is clearly seen on the display (at this moment, the
cantilever is approximately 10 mm above the sample surface), the
approach is stopped (Supplementary Fig. S4a and S4b online). This
coarse approach takes approximately 30–60 s. The cantilever is then
excited by applying the sinusoidal AC voltage to start the scanning.
Figure 2 | (a) Schematic layout of a high-speedAFMhead unit. (b) Block diagram for the feedback loop. (c, d)Overall view of a high-speedAFMhead unit
mounted on a standard inverted optical microscope (OLYMPUS IX71, Olympus, Tokyo, Japan). (e) Bottom view of the head unit.
www.nature.com/scientificreports
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Subsequently, a slow approach is executed at an approach velocity of
100–200 nm/s until the probe contacts the sample and the AFM
image becomes visible (Supplementary Fig. S4c–e online). This
process takes an additional 30–60 s.
High-speed imaging of living cell edge protrusion. The coor-
dinated polymerization of actin filaments at the periphery of the
cell regulates the dynamics of the cell membrane and organizes
numerous cellular events such as cell migration, morphogenesis,
endocytosis, and phagocytosis. Althoughmany fluorescence approa-
ches have been employed to investigate such events in living cells,
observing the dynamics of cell morphology with sufficient time and
spatial resolution has been difficult. We aimed to capture the dyna-
mic behavior of the living HeLa cell surface with our combined
imaging system.
The location of the cantilever was determined by optical micro-
scopy over the cell, and a series of images were recorded for
approximately 4 min at a scanning rate of 0.2 fps (Fig. 4a, See
also Supplementary Movie S1 online). The images showed protru-
sions of filamentous structures at the edge of HeLa cells. The
elongation event was quantified by plotting the tip of the protru-
sions at each time point (Fig. 4b and 4c). The protrusion gener-
ated at 20 s migrated at rates between 16 and 112 nm per 5 s until
110 s. Intriguingly, accelerated elongation was seen from 110 s,
and the rate at 130 s was estimated to be 272 nm per 5 s (Fig. 4c).
This membrane protrusion is likely operated by filopodial ex-
tensions, considering previous reports describing the morpho-
logy and growth rate of filopodia36,37, which were similar to our
observations.
Figure 3 | Positioning of cantilever on targeted cell. (a) Fluorescence image of live HeLa cells stably expressing GFP-actinin-4. (b) Position of cantilever
(arrow) observed by white LEDon the same area as (a). (c) The relative position of the cantilever to the fluorescently labeled cell can be easily and precisely
determined by combining the white LED and filtered excitation light. Scale bars: 10 mm.
Figure 4 | Dynamics of living HeLa cell surface revealed by high-speed AFM. (a) High-speed AFM images showed dynamic features of the cell surface
reflecting the motion of filopodia. Images were recorded at a scan rate of 0.2 fps. Image size: 4480 nm 3 3360 nm. Scale bar: 1 mm. For the complete
movie, see Supplementary Movie S1 online. (b) Trajectory of the tip of the protrusion (yellow arrowhead in the image at 20 s) in 23 sequential images
(20–130 s) was overlaid on the sepia colored image at 130 s (blue line). Dashed gray lines represent the shape of the cell at 20 s. (c) Changes of the
elongation speed of the protrusion (red) and the cumulative migration distance (blue). The elongation speed at each time point was determined by
measuring the distance between the tip of the protrusion in the current frame and that in the previous frame.
www.nature.com/scientificreports
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Direct observation of membrane surface dynamics. Exocytosis is
the process by which a cell releases the vesicle content upon the
fusion of secretory vesicles with the plasma membrane, which
causes a morphological change in the cell surface. AFM imaging
studies focusing on such exocytic processes have revealed depression-
like structures that are related to the formation of fusion pores in
pancreatic acinar cells38,39 and chromaffin cells40. The exocytic release
or endocytic uptake of macromolecular complexes occurs on a time
scale of seconds to minutes38,41. Therefore, exo/endo-cytosis-related
morphological changes within such a time scale have remained
unattainable by conventional AFM.
We applied our high-speed AFM to capture morphological events
inNIH-3T3 fibroblast cells. Figure 5 shows a series of images of a 3T3
cell surface obtained by live scanning in culture medium (see also
Supplementary Movie S2 online). Network structures were observed
throughout the scanning, possibly reflecting cytoskeletal organiza-
tion beneath the cell membrane. In addition, several areas of the
surface formed transient invaginations (70 s in Fig. 5a), which may
correspond to the vesicle fusion process of exocytosis. The diameter
of the invaginations obtained by six individual observations ranged
from 69 to 192 nm, and the mean size was 104 6 33 nm. This size
was comparable to previously reported structures on the surface of
chromaffin cells39 approximately 120 nm in size and those on pan-
creatic b-cells38 100–180 nm in diameter. Intriguingly, immediately
after this invagination step, the swelling structures were observed at
the same area, probably indicating that the secretion step occurred
(Fig. 5b). After this series of events, the membrane recovered to the
original flat shape. The entire process occurred within 140 s, includ-
ing apparent invagination for,40 s and the following swelling pro-
cess for ,30 s. Statistical analysis of six individual events revealed
that the time scale of the event ranged between 30 and 140 s (mean 75
6 43 s), which agrees well with the previously reported time
scale38,41.
Discussion
AFM has been applied to image many kinds of cells for morpho-
logical investigations as well as electrophysiological and biochemical
studies. However, observing plasma membrane dynamics in living
cells by conventional AFM has been difficult primarily due to the
limited time resolution. Therefore, a single line scan method, in
which an AFMprobe repeatedly scans a single line to record z-height
changes as a function of time, has been applied to capture the height/
volume changes of a cell with sufficient time resolution42,43. Although
this method is capable of capturing fast movements of single mole-
cule dynamics, it lacks three-dimensional morphological informa-
tion. The tip-scan type of high-speed AFM introduced here has
opened a new phase of nano/mesoscale analysis of living cell surfaces.
The topography and the dynamic features of live cell surfaces such as
filopodia elongation and exo/endo-cytosis related events were suc-
cessfully imaged in physiologically relevant buffer conditions. By
combining an inverted optical microscope with our high-speed
AFM system, the position of the cantilever over the sample surface
can be monitored, and optical and high-speed AFM images of the
focused areas of interest can be overlaid. Thus, we believe that the
present system will offer new ways of addressing novel aspects of
cellular events, such as membrane heterogeneity, spatial orga-
nization, conformational changes, and dynamics of membrane-
embedded proteins on living cell surfaces. It is noteworthy that the
high-speed AFM unit and fluorescent microscopy system can work
independently. Thus, both microscopy systems can be easily modi-
fied to accommodate additional techniques. One of the fascinating
directions of further development is the combination of the high-
speed tip-scan system with FluidFM44 by which one could use the tip
to stimulate selected cell domains with soluble agents and image their
response. Fluorescent-based techniques, such as fluorescence recov-
ery after photo-bleaching (FRAP) and Fo¨rster resonance energy
transfer (FRET) could be implemented. Multi-color fluorescence
imaging also will be possible by adding appropriate light sources
and optical filters.
Current innovations in optical microscopy have shown dramat-
ically how the conventional diffraction limit has been overcome45–47
with the emergence of various ‘‘single-molecule fluorescence’’ and
‘‘super-resolution’’ techniques48–51. Surface and interfacial events
such as cell adhesion, exo- and endocytosis are now explored at
single-molecule resolution52,53. The translocation or rotational
motion of a fluorescent spot emitted from a fluorophore attached
to themolecules of interest can also be analyzed54,55. Considering that
the observed behavior of the fluorescent spot does not always provide
direct information on how the labeled molecule actually behaves, the
next advancement of the technology will perhaps come from the
Figure 5 | Dynamics of living fibroblast cell surface revealed by high-speed AFM. (a) AFM images of the 3T3 cell surface reflecting the
morphological events. In addition to the events highlighted by arrowheads, membrane dynamics such as network structures are also captured. Scanning
rate: 0.1 fps. Scale bar: 1 mm. For the complete movie, see SupplementaryMovie S2 online. (b) Continuous surface plotting images of area within dashed
rectangles shown in (a). Scale bar: 0.5 mm. Transition from depression to swelling of the cell surface can be seen as simultaneous
three-dimensional AFM images.
www.nature.com/scientificreports
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integration of high-speed AFM and single-molecule fluorescence
microscopy. It is hoped that both the structural changes in individual
biomolecules and their nano/mesoscale dynamics will be directly
correlated.
Methods
Cell culture. HeLa/GFP cells (Cell Biolabs, Inc., San Diego, CA), HeLa S3 cells and
NIH-3T3 cells were grown on a poly-L-lysine (PLL)-coated slide glass in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) at 37uC with 5% CO2. An expression vector for GFP-actinin-4 was constructed
as previously described56. The stably expressing cell line was obtained by screening the
transfected cells with G418 (Nacalai Tesque, Tokyo, Japan) and isolating the drug-
resistant single-cloned cells.
High-speed AFM/fluorescence images. AFM imaging of the cells was performed in
the culture medium. High-speed AFM images were acquired at a scan rate of 0.1–
0.2 fps. Each frame was exported to the bmp file (576 3 432 pixels) and analyzed by
ImageJ (http://rsbweb.nih.gov/ij/) software. Fluorescence images were acquired at an
excitation wavelength of 480 nm and an emission wavelength of 530 nm with a 603
UPlan FLN objective lens with N.A. 0.7 (Olympus, Tokyo, Japan).
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